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Two major pathways of recombination-dependent DNA replication,
‘‘join-copy’’ and ‘‘join-cut-copy,’’ can be distinguished in phage T4:
join-copy requires only early and middle genes, but two late proteins,
endonuclease VII and terminase, are uniquely important in the join-
cut-copy pathway. In wild-type T4, timing of these pathways is
integrated with the developmental program and related to transcrip-
tion and packaging of DNA. In primase mutants, which are defective
in origin-dependent lagging-strand DNA synthesis, the late pathway
can bypass the lack of primers for lagging-strand DNA synthesis. The
exquisitely regulated synthesis of endo VII, and of two proteins from
its gene, explains the delay of recombination-dependent DNA repli-
cation in primase (as well as topoisomerase) mutants, and the tem-
perature-dependence of the delay. Other proteins (e.g., the single-
stranded DNA binding protein and the products of genes 46 and 47)
are important in all recombination pathways, but they interact dif-
ferently with other proteins in different pathways. These homolo-
gous recombination pathways contribute to evolution because they
facilitate acquisition of any foreign DNA with limited sequence
homology during horizontal gene transfer, without requiring trans-
position or site-specific recombination functions. Partial heteroduplex
repair can generate what appears to be multiple mutations from a
single recombinational intermediate. The resulting sequence diver-
gence generates barriers to formation of viable recombinants. The
multiple sequence changes can also lead to erroneous estimates in
phylogenetic analyses.
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The purpose of looking back is not, of course, merely to
obtain satisfaction from reflecting on past triumphs;
rather, it is to discover as many clues as possible to the
likely developments of the future.

Glenn T. Seaborg

The tight interrelationship between homologous recombination
and DNA replication was first evident in T4 and the related

T-even phages. Because DNA of T4 and its host E. coli differ in base
composition and modifications and because the host DNA is rapidly
degraded after phage infection, molecular aspects of T4 replication
and recombination could be readily investigated by biochemical,
biophysical, and genetic methods. Early characterization of muta-
tions in most essential genes (1) and the almost complete depen-
dence of replication and recombination on phage-encoded proteins
(2) allowed analyses of recombination and replication proteins, as
well as ‘‘reality checks’’ of results obtained with genetic and
biochemical methods (3). The following idiosyncrasies of T4 chro-
mosomes revealed the importance of DNA ends and recombina-
tion-dependent DNA replication. Ends of T4 chromosomes are cut
during packaging from branched concatemers, which are generated
by recombination-dependent replication. A ‘‘headful mechanism’’
packages a complete genome and '3% DNA repeated at each end

as ‘‘terminal redundancy,’’ thereby generating the random circular
permutation of chromosomal ends (4). Some smaller T4 particles,
formed because of assembly errors, package incomplete genomes
whose ends are also randomly circularly permuted (5). Multifactor
crosses revealed stimulation of recombination by their DNA ends,
regardless of map positions (5, 6). Moreover, different segregation
patterns of alleles in patch vs. splice recombinants strongly sug-
gested that 39-ended single-stranded (ss) termini, invading a ho-
mologous double-stranded (ds) region, prime recombination-
dependent DNA replication (6). These suggestions were later
confirmed by mutational analyses combined with electron micros-
copy and density-labeling experiments (7–9). Origin-dependent
replication facilitates early recombination by generating ss termini
and ds interruptions, which make ds DNA more prone to invasion
by ss termini (9). Priming of DNA replication from these recom-
binational intermediates is essential for T4 growth, because origin
initiation ceases during T4’s development (7, 10–12). Thus, recom-
bination-deficient T4 mutants that can initiate origin-dependent
DNA replication have a so-called DNA-arrest phenotype.

Many subsequent studies revealed multiple redundant path-
ways and enzymes with overlapping functions for homologous
recombination and recombination-dependent DNA replication
(11–15). Although redundancy may appear complicated or con-
fusing to us as investigators, it makes any organism thrive. Most
seemingly paradoxical results on recombination (in T4 as well as
other organisms) can be reconciled by the fact that different
pathways are preferred under certain conditions, or with certain
model substrates, and that elimination of one pathway channels
intermediates into another pathway.

Keeping in mind the caveats inherent in definitions of recom-
bination pathways, five T4 pathways can be distinguished (11).
All of these pathways include pairing of complementary ss DNA
segments in so-called heteroduplexes, but they ‘‘mix and match’’
different ways to generate ss DNA and resolve the recombina-
tional intermediates (11). A ss annealing pathway can initiate
recombination in the absence of DNA replication late after
infection (16). When DNA polymerase is active, recombination
starts much earlier, and at least two different pathways can
initiate DNA replication from recombinational ‘‘D-loops’’ (Fig.
1; refs. 7, 9, and 14). ‘‘Ds break repair’’ (17) and ‘‘synthesis-
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dependent DNA annealing’’ pathways, in addition to those
depicted in Figs. 1 and 3, can contribute to DNA repair and
explain ‘‘homing’’ of intron DNA (15, 18, 19). Most of the
proteins involved in these pathways have been biochemically
characterized in exquisite detail (2, 12, 20–35).

Here we focus on two D-loop-dependent pathways that we
have called ‘‘join-copy’’ and ‘‘join-cut-copy,’’ the roles of a
complex containing gp46 (gene product 46)—the 46 complex—
and two late T4 proteins, endonuclease VII (endoVII, gp49) and
terminase (gp17), and on implications for horizontal gene trans-
fer, mutagenesis, and evolution.

Results and Discussion
In the now classical example of recombination-induced DNA
replication, a 39 end of a ss DNA segment that invades a
homologous ds DNA (Fig. 1 A) primes DNA synthesis in the
rightward direction as drawn in Figs. 1 A and B. We have called
this pathway ‘‘join-copy,’’ because in undamaged wild-type (wt)
T4 it occurs mainly at the unreplicated termini of parental
chromosomes (which have been cut during the previous growth
cycle), and no additional breaks are required (7). This mecha-
nism depends only on genes expressed from early or middle
promoters, and it can start as soon as an origin-initiated repli-
cation fork has reached an end (9, 36). This mechanism is
equivalent to ‘‘break-copy recombination’’ or ‘‘break-induced
replication,’’ and can also repair ds breaks in T4 DNA (19).

Another pathway, which we have dubbed ‘‘join-cut-copy,’’ uses
a ss nick in a D-loop intermediate to prime DNA replication in
the leftward direction, as drawn in Fig. 1D (11, 14, 37). This
pathway depends on at least two late genes and therefore
operates mainly late after infection. Priming of DNA synthesis
requires that the nick occur in one of the invaded DNA strands.
If the invading strand is nicked, parent 2 cannot be copied by this
mechanism, but its ss terminus generates a patch recombinant
with parent 1. Combined join-copy and join-cut-copy recombi-
nation can initiate two diverging replication forks (Fig. 1E). If a
ds break cuts the (backward) recombination junction (as indi-

cated in Fig. 1B), join-copy recombinants appear like rolling
circles initiated from origins (Fig. 1F).

Late Synthesis of Endo VII and Terminase Make the Join-Cut-Copy
Pathway a Late Pathway. In T4 primase (gene 61) mutants, origin-
initiated leading-strand DNA synthesis (primed by origin-specific
transcripts) proceeds normally, but Okazaki fragments, primed by
primase, are not synthesized. Primase mutants are viable, because
the unreplicated ss regions can later be copied by the join-cut-copy
pathway (11, 14). Either endo VII or terminase are required for this
pathway, and additional defects in both corresponding genes (49
and 17) drastically reduce and delay (recombination-dependent)
DNA replication of primase mutants (Fig. 2A). The residual late
replication in the triple mutants may be due to nicks caused by other
late nucleases, or by other agents.

Both genes 49 and 17 are predominantly expressed late, and this
late expression is responsible for the so-called DNA-delay pheno-
type of primase or topoisomerase mutants (11, 14, 37). Replicating
parental DNA of topoisomerase mutants also contains large ss
regions at termini and elsewhere (38), probably because leading-
and lagging-strand DNA synthesis are uncoupled. Recombination-
dependent DNA synthesis of primase or topoisomerase mutants is
more severely delayed at decreasing growth temperatures because
of the intricate regulation of genes 49 (14, 39) and 17 (40, 41).
Remarkably, genes 49 and 17 produce two or more proteins by
initiation of translation from internal ribosome binding sites, and
the synthesis of the different products is temporally regulated by
transcriptional and translational mechanisms. For example, the
endo VII gene (49) is transcribed early and late (from different
promoters), and the first ribosome binding site, from which a
full-length 18-kDa protein is initiated, is sequestered in a hairpin in
the early, but not in the late, transcripts. A shorter 12-kDa protein,
initiated from an internal GUG, is the major early gene product at
25°C. At higher temperatures there is more early 18-kDa protein,
presumably because the sequestering hairpin is less stable. In the
crystal structure of endo VII (33), the full-length 18-kDa protein
forms antiparallel dimers with two active sites each at the interphase
of the C-terminal and N-terminal ends of different subunits. These
two active sites are ideally placed to cut two strands of DNA across
a Holliday junction. Our results with several N-terminal deletions
of a cloned gene 49 showed that all deletions that eliminate the first
AUG codon and leave the internal GUG initiation site intact
complement internal or C-terminal gene 49 mutants, but none of
these deletions could be incorporated into viable phage (39).
Together these results indicate that the 12-kDa homodimers have
no endo VII activity, 18-kDa and 12-kDa heterodimers can singly
nick (sufficient for viable phage production) and 18-kDa ho-
modimers make concerted ds breaks. The temporal regulation of
these proteins is ideally suited for T4 growth. If too much 18-kDa
endo VII peptide is produced too early, growth of primase mutants
is impaired, because the chance to copy ss templates by join-cut-
copy is reduced.

The significance of the multiple gene 17 (terminase) proteins
is less well understood. A ss DNA-binding activity of purified wt
or nuclease-defective mutant proteins resides in the N-terminal
region (41), which is present in am (amber) mutants, but missing
in the internally initiated peptides. Our results (Fig. 2 A and data
not shown) suggest that the ss DNA binding activity of the
nuclease-defective terminase am mutants NG178 and N56 can
protect the ss DNA of primase mutants from degradation by
other nucleases, allowing more replication of the primase-
terminase double mutants. However, triple mutants, defective in
primase and the nuclease activities of terminase and endo VII,
are more delayed and defective in DNA replication than any of
the single or double mutant combinations (Fig. 2 A and similar
results with the terminase amN56 mutation in combination with
primase and endo VII mutations not shown).

Fig. 1. Different ways to initiate DNA replication from intermediates of
homologous recombination. The ss end of parent 2 DNA invades homologous
ds DNA of parent 1. Details are explained in the text.
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Protein Complexes Containing the Products of T4 Genes 46 and 47 Are
Important in Several T4 Recombination Pathways. Mutations in
genes 46 and 47 cause the most severe T4 recombination and
repair deficiencies (42, 43). These genes are important not only
for T4 recombination, but also for degradation of dC-containing

host DNA to nucleotides that are reprocessed for phage DNA
synthesis (44). Consistent with the recombination deficiencies,
mutants of these genes have a severe ‘‘DNA arrest’’ phenotype
in E. coli B (1, 45), and they are defective in forming branched
recombinational intermediates (16). The arrest of DNA repli-
cation is less complete in E. coli K strains (46). Possibly, a P2-like
prophage in E. coli B (47) is responsible for this difference.

Surprisingly, the T4 46 and 47 proteins are not required in the
current in vitro pairing (28) or recombination-dependent repli-
cation systems (12, 13). One possible reason for this apparent
paradox is that all in vitro systems use simple ss DNA fragments
for invasions, whereas in vivo most recombination intermediates
are formed from molecules containing ss and ds segments, which
impose more constraints.

Nuclease activities that were absent in 46-47 mutants have
been found in membrane fractions (48), but proteins with the
expected nuclease activities have only recently been purified
from overproducing clones (49).

It has been suggested that the 46 complex of T4 has a similar
role as the RecBCD nuclease of E. coli. (e.g., processing ds DNA
ends to ss tails that can invade homologous DNA; ref. 23).
However, replication generates ss tails, making it unlikely that
this is the most essential common function of the T4 46 complex.
Moreover, T4 primase-gene 46 double mutants, in which the
lagging strand templates are displaced during origin-dependent
replication as large ss tails of forked molecules (data not shown),
are completely defective in all recombination-dependent DNA
replication (Fig. 2B). If processing of ds DNA to ss tails were the
most important function of the 46 complex, it should be dis-
pensable in the primase mutants. However, in contrast to forked
wt chromosomes, in which all ss termini were found invading
other DNA molecules (9), the ss termini of primase-46 double
mutant chromosomes were free, suggesting that their most
important defect is impaired pairing of ss tails.

Electron micrographs of single primase mutants revealed D-
loops of varying lengths, generated by displacement synthesis (14,
50). However, we found no forked molecules with equal-sized ss
and ds tails, suggesting that the displaced ss DNA is rapidly
assimilated into triple-stranded DNA or degraded once the pri-
mase-deficient replisomes have reached an end. Earlier results (51)
had indicated that unmodulated nuclease activities of the 46
complex cut or degrade ss tails, when interacting proteins, most
importantly the ssDNA binding protein gp32, are defective. There-
fore, we combined primase mutations with mutations in other
genes, whose products we suspected to modulate excessive degra-
dation of ss regions during D-loop formation. The interaction with
gp32 is allele-specific. It is defective in the am (amber) mutants
lacking the C-terminal segment of gp32, and in the ts (temperature-
sensitive) mutant G26, but it is not defective in two other gene 32
ts mutants, P7 and L171 (amino acid changes are depicted in ref.
11). DNA synthesis of the single gene 32 mutants G26, L171, and
P7 at the permissive temperature (25°C) is indistinguishable from
wt, and synthesis of the double mutants E219-L171 and E219-P7 is
indistinguishable from E219 alone. In contrast, the E219-G26
double mutant is severely impaired (Fig. 2C). Double mutants
containing the same gene 32 mutations in combination with
another primase mutation, HL 627, showed identical patterns.
Similarly, among double mutants containing the (DNA-delay)
topoisomerase mutation H17 in combination with the same three
gene 32 mutations, only H17-G26 was more defective than H17
alone (data not shown). We surmise that ts G26 is already partially
defective at otherwise permissive temperatures in taming the
nuclease activity of the 46 complex. This defect is masked when all
other members of the complex are present, but it becomes apparent
when one additional member is missing or defective. Taken to-
gether, our results suggest that primase, topoisomerase, and prob-
ably RNaseH, together with gp32, modulate the nuclease activity of
the 46 complex. All these proteins are important for lagging-strand
DNA synthesis. If they remain bound to DNA when the replication
fork has reached an end, they may help to protect any ss tails from
degradation, allowing join-cut-copy recombination as indicated in

Fig. 2. (A) Cumulative T4 DNA synthesis, measured by incorporation of
3H-labeled thymidine (45) at 30°C in E. coli B of a primase-defective mutant
(E219), alone or in combination with endo VII (C9)- or terminase (NG178)-
defective mutations. The E219-C9 incorporation relative to wt and E219
represents the average of three experiments done on different days. At
first (14) we had mistakenly assumed that only endo VII produces the nicks
required for the join-cut-copy pathway. Subsequently we found that the
primase-endo VII double mutant used in those studies had acquired a third
mutation. (B and C) Cumulative phage DNA synthesis at 25°C in E. coli B. (B) The
primase mutant E219, the gene 46 mutant N130, and the double mutant are
compared with wild-type T4. (C) The primase mutant E219, three gene 32 ts
mutants (L171, P7, and G26), and the corresponding double mutants were
compared with wild-type T4.
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Fig. 1 C and D. If one of them is missing (e.g., in primase and
topoisomerase mutants), the invading ss termini (e.g., of parent 2
in Fig. 1C) are expected to be cut frequently, resulting in excessive
patch-type recombinants, which are preferentially formed by these
mutants (50, 52).

The gene 46-47 proteins share similarities with the E. coli
SbcCD nuclease and with the eukaryotic Mre11 complex (53),
which is essential for ds break repair (54, 55) in yeast and in
mammals. Ogawa and coworkers (56) have shown that the
Mre11 complex has multiple modes of binding to DNA and
interaction sites with other proteins, and that it can unwind DNA
ends or help the annealing of complementary DNA. Thus, the
homology of the T4 46 and the Mre11 complex probably reflects
similarities of proteins that have different activities depending
on the larger protein complexes in which they participate.

Mutagenic and Evolutionary Potential of Homologous Recombination
Pathways. Recombination-dependent replication pathways can
be mutagenic or antimutagenic in several ways: (i) Replisomes
assembled at origins, or by join-copy or join-cut-copy pathways,
may differ in mutagenic potential because of different protein
composition. T4 encodes only one DNA polymerase, whose
mutagenicity is strongly affected by certain mutations in its gene
(57, 58), and may be modulated by mutations affecting accessory
proteins (59). For example, use of the dda helicase in the
join-cut-copy pathway (14) might selectively alter the mutage-
nicity of this pathway. (ii) If ectopic base pairing initiates strand
invasion, which is extended by branch migration (in the leftward
direction in Fig. 1) into an adjacent heterologous region, mis-
matches and bulges are formed in vitro and in vivo (refs. 60–62;
G.M., unpublished results). Subsequent partial mismatch repair
is bound to generate novel sequence combinations (e.g., muta-
tions; Fig. 3). Our previous results (63) suggested that such
sequence variations can be generated during horizontal gene
transfer. In T4, mismatch repair depends on endo VII in vivo and
in vitro (refs. 30 and 62; G.M., unpublished results). The host

mismatch repair genes have little or no effect, perhaps because
T4’s dCs are modified (described below) andyor because endo
VII masks any possible contribution of the host system.

Many viruses share a common gene pool, from which indi-
vidual genes can be exchanged (64) or acquired by horizontal
transfer (65). Illegitimate site-specific recombination or trans-
position have been proposed to exchange entire gene modules of
related functions (66). However, gene segments can also be
exchanged or added (67–71). We have suggested that a combi-
nation of join-copy and join-cut-copy pathways, together with
heteroduplex repair (Fig. 3), can explain otherwise paradoxical
aspects of horizontal gene transfer. We postulate that it gener-
ates multiple mutations in a single heteroduplex overlap (11),
which was initiated by homologous pairing between incidentally
similar, short sequences and extended into heterologous regions.

To test this working model, we have focused our analyses on gene
56 of T4 and related (T-even) phages. This gene encodes a
dCTPaseydCDPaseydUTPaseydUDPase (72), hereafter called
dCTPase, which is essential for growth of T-even phages because it
prevents incorporation of dCTP or dUTP into T-even DNA.
T-even DNA contains hydroxymethyl cytosine, further modified by
glycosyl residues, which prevent degradation by phage and host
restriction enzymes (73). In crosses between T2 and T4, T2 gene 56
alleles are severely excluded from the progeny (74, 75), but the
mechanism has been elusive. Our working model (Fig. 3) has been
confirmed and extended by sequence and recombinational analyses
of different T-even phages (summarized below). Details of these
experiments will be reported elsewhere.

PCR analyses using primers corresponding to sequences shared
by T2 and T4 in genes 56 and soc (small outer capsid protein)
showed that different T-even phages contain different amounts of
DNA between genes 56 and soc, corresponding to three size classes.
DNA sequencing showed that class A, which includes T4, contains
a gene-69-like sequence, and that class B, which includes T2,
contains two small ORFs (soc.1 and soc.2); class C, which includes
RB15, has no gene between 56 and soc (Fig. 4A). Most significantly
in terms of our hypothesis, both base and amino acid sequences of
different T-even classes differ considerably, including apparent
multiple compensating frameshifts (Fig. 4B and ref. 61), which
result in differences of blocks of amino acids (Fig. 4C). In contrast,
sequences of phages belonging to the same class differ by less than
3%. We surmise that the large differences between classes were
established concomitantly with acquisition by a T-even ancestor of
different genes (69 vs. soc.1 and soc.2) adjacent to gene 56. The
model depicted in Fig. 3 provides the simplest interpretation.

Specifically, we propose that limited (‘‘ectopic’’) homology
between a foreign DNA fragment and the dCTPase gene 56
allowed ss DNA invasion by the fragment’s end, and that this
recombinational intermediate was stabilized by join-copy repli-
cation from the 39-invading end. Branch migration in the oppo-
site direction generated heteroduplexes with multiple mis-
matches and loops. When an endonuclease made a single cut in
the invaded strand of the recombinational intermediate (Fig. 1
C and D), the remainder of the foreign DNA fragment was
copied by the join-cut-copy pathway. Limited homology of the
DNA fragment with the soc promoter region allowed recombi-
nation at the other end of the foreign fragment. Partial mismatch
repair within the heteroduplex region (e.g., by endo VII; refs. 30
and 62) generated multiple mutations of gene 56, but only those
combinations that regenerated a functional dCTPase survived.
Because invasion by different foreign DNA fragments resulted
in different functional dCTPases (e.g., in T4 and T2), these genes
now appear to have diverged considerably.

The model predicts, and we found, that the present-day
extensive sequence divergence between certain genes of differ-
ent T-even phages is the major reason for the lack of viable
recombinants in such genes. Sequence divergence does not
inhibit heteroduplex formation in T4 DNA (ref. 62; G.M.,
unpublished observation), but the corresponding heteroduplexes
must contain multiple mismatches and loops, and partial het-

Fig. 3. A recombination model for acquisition of a DNA (gene 69 in T4 or
soc.1 and soc.2 in T2) by a T-even phage (e.g., RB15) lacking a gene between
genes 56 and soc. Details are explained in the text.
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eroduplex repair is unlikely to reconstitute a functional essential
gene such as the dCTPase gene 56, except when the DNA
sequences are made similar (e.g., in chimeric phages; ref. 63).

Conclusions
Two major recombination pathways of T4, join-copy and join-
cut-copy (11), are maintained during evolution, because they
integrate recombination with developmental changes in other
DNA transactions, mainly transcription and packaging, and
because they are important for repairing DNA damages during
different developmental stages. The join-copy pathway, which
requires only genes expressed in the early and middle mode, is
active within a minute after the onset of origin-dependent DNA
replication. In contrast, the late join-cut-copy pathway depends
on at least two late proteins: endo VII and terminase. This late
pathway can bypass deficiencies of T4 primase or topoisomerase
mutants, which have a so-called DNA-delay phenotype.

Even within a given pathway, some enzyme activities (e.g.,
nuclease activities of T4 endo VII and terminase) can substitute
for each other. These enzymes, which are required for packaging
DNA (76), interact with each other (77). Other proteins, such as
the ss DNA binding protein gp 32, or T4 gene 46-47 proteins,
appear to be important in all recombination pathways, but

different interactions with other proteins are important for their
roles in different pathways. In at least one case, that of T4 endo
VII, different functions of a multifunctional gene can be related
to the exquisitely regulated synthesis of two proteins from two
ribosome binding sites of the same gene.

These homologous recombination pathways also contribute to
evolution, because they facilitate acquisition of any foreign DNA
with limited sequence homology ('20 bp) during horizontal
gene transfer, without requiring transposition or site-specific
recombination functions. The example of the dCTPase genes
shows that in this situation, horizontal gene transfer can generate
mosaic sequence divergence within essential genes, in turn,
establishing species barriers. Similar mosaic arrangements in
other genes of the T-even (69, 71) and other phages (67) are also
most readily explained by the mechanism illustrated in Fig. 3. In
such situations, cladistic analyses to deduce timing of divergence
of viruses or their genes become ambiguous.
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